β-defensins, preferentially expressed in male reproductive tracts, particularly in the testes and epididymis with region-specific patterns, play an important role in both innate immunity and sperm fertility. Expressed in the caput region of epididymis, β-defensins have been known to contribute to innate immunity, sperm motility initiation, and maintenance. However, β-defensins of the initial region remain to be uncharacterized. In this study, rat β-defensin 42 (Defb42) was revealed to be exclusively located in the principal cells at the initial segment of the rat epididymis and its sperm's acrosome. Furthermore, the expression of Defb42 was dependent on luminal testicular factors and developmental phases. The recombinant Defb42 was predominantly antimicrobial not against Candida albicans, but against Escherichia coli and Staphylococcus aureus. Based on these findings, Defb42 was suggested to play a dual role in sperm fertility and host defense in rat epididymis.
Introduction
The mammalian epididymis, a male-specific reproductive organ that links the efferent ducts to the vas deferens, can be subdivided into the initial segment, caput, corpus, and cauda based on the histological and functional difference [1] . Epididymis is well known to play a critical role in sperm maturation, transportation, concentration, protection, and storage, and each epididymal segment can form specific luminal fluid microenvironment by synthesizing and secreting different proteins. When generated in the testes, sperm acquires fertilizing ability and motility through the absorption, secretion, synthesis, and metabolism of the substances that contact with sperm during their transit through the epididymis [2, 3] . Therefore, the maintenance of the normal regional fluid microenvironment along the epididymal duct is essential for sperm maturation [4] .
The defensins, a family of cationic antimicrobial peptides, play an important role in innate host defense. They are subdivided into α-, β-, and θ-defensins on the basis of the spatial pattern of conserved cysteine residues [5] . Interestingly, most β-defensins are preferentially expressed in the male reproductive tract, particularly in the testes and epididymis with region-specific pattern [6] , and they possess a broadspectrum antimicrobial activity, including antibacteria, anti-fungi, and anti-viruses [7] [8] [9] [10] . Previous studies have reported that some β-defensins are involved in sperm maturation and fertilization, including middle caput-specific Spag11e/Bin1b, first revealed in our laboratory, involving in sperm motility acquisition [11, 12] , distal caputspecific Defb15 in sperm motility maintenance [13] , corpus-specific DEFB126 in efficient transport of sperm in the female reproductive tract [14] , and DEFB1 in sperm fertility [15] . These reports have intrigued researchers to explore the potential functions of the complete β-defensin repertoires.
In rat, Defb42 gene (NM_001037532), located on chromosome 15p12, has 65% homology with human DEFB109 and 86% homology with mouse Defb42 by protein blast. Mouse Defb42 gene, discovered and characterized in 2005 [16] , is regulated by HE6/Gpr64 [17] . However, there is limited literature on rat Defb42. It was only reported that Defb42 was abundantly expressed in epididymis and kidney, and developmentally regulated by semi-quantitative RT-PCR detection [6] .
In this study, we produced a sensitive and specific Defb42 antibody, and characterized the location of Defb42 in epididymis and its sperm-binding pattern. Furthermore, we also investigated the androgen regulation and postnatal epididymal development of Defb42, and demonstrated the antimicrobial activity of recombinant Defb42. These results may provide a valuable insight into the potential function of Defb42 in sperm fertility.
Materials and Methods

Animal
Healthy male Sprague-Dawley (SD) rats (3 months old) and New Zealand white rabbits weighting ≥2.5 kg were purchased from the Animal Center of the Chinese Academy of Sciences (Shanghai, China). They were housed under standard laboratory conditions for 7-10 days before manipulation. The experiments were conducted according to a protocol approved by the Institute Animal Care Committee of the Chinese Academy of Sciences (Shanghai, China) and conformed to internationally accepted guidelines for the humane care and use of laboratory animals.
RNA isolation and analysis by real-time quantitative PCR
Tissue samples were obtained from the male rats (∼3 months) and frozen immediately in liquid nitrogen. Total RNAs were extracted with Trizol reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's protocols followed by being dissolved in 50 μl RNase-free H 2 O. The concentration and the quality of RNAs were assayed by Nanodrop 2000 (Thermo Scientific, Jessup, USA), and the integrity was identified by 2% (w/v) agarose gel electrophoresis. One microgram of RNA from each tissue was reverse-transcribed into cDNA by Rever-Tra AceÒ (TOYOBO, Osaka, Japan).
From each sample, the reverse-transcription product was used to amplify Defb42 by quantitative PCR (qPCR) and the house-keeping D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the reference gene. The primers of Defb42 and GAPDH were as follows: Defb42 (162 bp) forward primer 5′-CCCGAGTTAG AAGTGGTTTAGGAG-3′, and reverse primer 5′-GGGTTGGAATG GGCAGGAGA-3′; GAPDH (154 bp) forward primer 5′-TACAAGG AGTAAGAAACCGTGGAC-3′, and reverse primer 5′-GTTATTA TGGGGTCTGGGATGG-3′. The primer amplification efficiencies of Defb42 and GAPDH were obtained by standard curves drawn by cDNA samples with five dilutions, and the qPCR efficiency was 98.7% and 101.2%, respectively. The qPCR cocktail solution contained 1 μl of cDNA, 0.5 μl of forward and reverse primers (10 μM), 5 μl of 2 × SYBR Green Real-time PCR Master Mix (TOYOBO), and 3 μl of ddH 2 O. The cycling conditions were as follows: 94°C for 1 min, followed by 94°C for 10 s, and 60°C for 15 s for 40 cycles. Relative quantitative analysis of Defb42 expression was conducted according to the 2 −ΔΔCt method by Excel [18] .
Antibody preparation against Defb42
The specific antibody to Defb42 was prepared by the double-copy protein expression scheme, as described by Xiao et al. [19] . Briefly, two Defb42 fragments corresponding to the mature peptide of 65 amino acids (from amino acid 23 to the end) were inserted into pET-28(a) vector (Invitrogen). The recombinant Defb42 inclusion bodies were purified with a Novagen pET Expression Systems kit (Invitrogen). The polyclonal antibodies against Defb42 were obtained according to the 1-month procedure developed in our laboratory [20] . The preimmune sera of the rabbits were reserved in advance before immunization as the negative control for the subsequent experiments.
Protein extracts and western blot analysis
The protein of reproductive and non-reproductive tissues in adult rats (∼3 months) and the epididymal protein of different ages of rat were extracted on ice by 1 × RIPA lysis buffer (Beyotime, Nantong, China) with 1 mM Phenylmethylsulfonyl Fluoride (PMSF) and protease inhibitor cocktail (Beyotime). The supernatant was collected by centrifugation (16,000 g for 20 min) and stored at −80°C with aliquots for the western blot analysis.
Epididymal tissue of adult male rat (∼3 months old) was divided into initial segment, caput, corpus, and cauda segments. These segments were minced into ∼1-mm cubes with razor blades in phosphatebuffered saline (PBS) containing 1 mM PMSF (PBS/PMSF) and then were gently rotated for 30 min at room temperature (RT). The tissue mixture was pipetted for several times and subject to nature sedimentation for 2 min. The precipitate of tissue cells was washed three times with PBS/PMSF. It mainly contained epididymal tissue cells without lumen and spermatozoa. Meanwhile, the supernatant containing spermatozoa was centrifuged at 600 g for 10 min to separate the luminal fluid and the spermatozoa. Prior to further analysis, the luminal fluid was clarified by centrifugation at 10,000 g for 30 min and the isolated spermatozoa were washed three times in PBS/PMSF.
The epididymal tissue protein without lumen and spermatozoa was extracted according to the tissue protein extraction protocols described previously [13] . The protein of spermatozoa from different epididymal segments was boiled 2 min with 2% SDS in PBS, and centrifugated at 10,000 g for 30 min. The supernatant was the isolated spermatozoa protein.
Western blot analysis was performed as described previously [21] with some minor modifications. About 20 μg protein of each sample was separated on 15% Tricine-SDS-PAGE [22] and blotted to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, USA). The blocked membranes were incubated overnight at 4°C with the polyclonal anti-sera against Defb42 at 1 : 5000, and then with the horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG) at 1 : 10,000 (Santa Cruz, Santa Cruz, USA) for 1 h at RT. The bands were finally detected with ECL kit (GE Amersham, Pittsburgh, USA). The semi-quantification of target protein and reference protein was analyzed by the ImageJ 1.48 gray scale scanning software.
Immunohistochemistry and immunofluorescence staining
For immunohistochemistry (IHC) or immunofluorescence (IF) staining, the collection of all the tissues and sperm was performed in the 3-month-old rats as previously described [21] . The primary antibody against Defb42 was diluted at 1 : 200 with PBS containing 10% normal goat serum and incubated overnight at 4°C. After five washes, the HRP-conjugated goat anti-rabbit IgG (1 : 200) was added onto the slides followed by 1 h incubation at RT.
The protocols of IF staining were similar to those of IHC. The tissue sections were incubated with the primary antibody against Defb42 (1 : 200), and then with the donkey anti-rabbit IgG conjugated with Alexa Fluor 488 (1 : 200; Molecular Probes, San Jose, USA). The slides were incubated with the chicken anti-vacuolar H + ATPase immunoglobulin Y (IgY) primary antibody (1 : 200; Genway Biotech, San Diego, USA), and then with the rhodamine-conjugated bovine anti-chicken IgY secondary antibody (1 : 200; Santa Cruz). One drop of 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) Fluoromount-G (SouthernBiotech, Birmingham, USA) was added onto the slides followed by air-drying for 5 min.
To detect the location of Defb42, sperm was collected from four segments: initial segment, caput, corpus, and cauda of the rat epididymis (3 months), and then smeared on the polylysine-coated slides. The slides were fixed with 2% paraformaldehyde containing 0.3% Tween-20 and 0.2% Triton X-100 for 30 min, washed three times with PBS, blocked with 10% goat serum for 1 h at RT, and then incubated with the rabbit polyclonal antibody to Defb42 (1 : 200) overnight at 4°C. After being washed, slides were incubated with TRITC-labeled goat anti-rabbit IgG (1 : 200) for 1 h at RT. For the detection of the acrosome of sperm and nuclei staining, Alexa Fluor 488-conjugated peanut agglutinin (PNA, 1 : 500; Molecular Probes) or DAPI (1 : 5000; Sigma-Aldrich, St Louis, USA) was added onto the slides, respectively, followed by a 30-min incubation at RT.
The preimmune sera were used in the same procedure as the negative control. All the slides were examined under a BX51 Fluorescence microscope (Olympus, Tokyo, Japan).
Androgen regulation and developmental change of Defb42
Castration and androgen replacement were performed as described previously [21] . The 3-month-old male SD rats were sacrificed on Day 0, 1, 3, 5, and 7 after castration or on Day 1, 3, 5, and 7 after the initial testosterone propionate injection (n = 4-7/group). The epididymides were excised for RNA extraction. Androgen compensation was started on Day 7 after castration, and the injection was administered once in 2 days (3 mg/kg body weight). From each group, the pooled serum samples were sent to Zhongshan Hospital (Shanghai, China) for the measurement of testosterone concentration by radioimmunoassay using commercial assay kits according to the manufacturer's protocols. The limit of detection was 8 pg/100 µl. The intra-assay coefficient of variation (CoV) is 2% and inter-assay CoV is 5%.
As previously described [21] , the epididymides were excised at different ages of 15, 30, 45, 60, 90, 120, 270, 360, and 720 days for RNA and protein extraction. The expressions of Defb42 at mRNA and protein levels were analyzed by qPCR and western blot analysis, respectively.
Recombinant protein production with eukaryotic cells
The full-length cDNA of Defb42 with a kozak sequence GCCACC [23] was inserted into the multiple cloning sites (BamHI and XholI) of the eukaryotic expression vector pCMV/tag4. Then, the recombinant expression vector pCMV/tag4-Defb42 was transfected into 293T cells in 10-cm dish with FuGENE ® HD (Roche, Basel, Switzerland) without antibiotics as required by the subsequent antibacterial assay. The empty vector pCMV/tag4 was used as the negative control. After 48 h of culture, the supernatant was passed through 0.22-μm PVDF syringe filters (Millipore) and concentrated 10 times (∼1 ml) by ultra-filtration with Amicon Ultra 3 K device (Millipore). The transfected cells were scratched by cell scraper and washed three times by iced PBS. Then, the cell pellets were resuspended in 1 ml of ice cold PBS and lyzed by a sonicator. The cell lysates were collected by centrifugation at 10,000 g for 30 min.
Antimicrobial activity assays
Colony-forming unit (CFU) assays were used to measure the antimicrobial activity as previously described [24] [25] [26] with some minor modifications. Escherichia coli K12D31 (E. coli), Staphylococcus aureus CMCC26003 (S. aureus), and Candida albicans SC5314 (C. albicans) were incubated separately with 10 CFU per 100 μl of concentrated supernatant or cell lysates for 3 h at 37°C, except C. albicans at 30°C. The cultured mixtures were resuspended in 900 μl of ice cold PBS, serially diluted, and then plated on the LB plates, Mueller-Hinton broth plates or YPD plates in triplicates, respectively. Following incubation (E. coli and S. aureus at 37°C overnight, and C. albicans at 30°C for 24 h), the number of clones was counted, and the viability ratio was calculated by the formula: %Survival = number of surviving colonies treatment with protein/ surviving colonies of control × 100%.
Results
Tissue distribution of Defb42
Based on qPCR analysis of total RNA extracted from the reproductive and non-reproductive organs, intense expression of Defb42 was found in the caput epididymis, while low levels of expression were detected in the seminal vesicle. The expression of Defb42 in the kidney was not detected (Fig. 1A) .
To further investigate the distribution of Defb42 at the protein level, polyclonal antibodies with good sensitivity and specificity against mature Defb42 protein were successfully produced ( Fig. 1B) . As in the case of the distribution of Defb42 at the mRNA level, a clear band at ∼12 kDa was exclusively detected in the initial segment of epididymis (Fig. 1C) , as indicated by western blot analysis. Moreover, Defb42 protein was detected in the tissue cells without lumen and spermatozoa, as well as in the sperm of the initial segment, but not in the lumen (Fig. 1D) .
Epididymal localization and sperm binding of Defb42
According to the further examination of Defb42 localization by IHC ( Fig. 2A) , Defb42 was found to be located only in segments 1 and 2 of initial segment among the 19 segments of rat epididymis [1] . And there was more intensive signal around the inner face of epididymal epithelium at segment 1 (Fig. 2B) . Intriguingly, the positive signal of Defb42 was clearly located in segment 1, while it exhibited a checkerboard pattern in segment 2 (Fig. 2B) .
As indicated by the multicolor IF staining performed with anti-Defb42 antibody and anti-Vacuolar H + ATPase antibody, Defb42 was located in the most epithelial cells of segment 1, but a few of segment 2, which was similar to the results revealed by IHC (Fig. 3) . However, no overlap was observed between the signals of Defb42 and H + ATPase, a specific marker of apical cells in the initial segment [27] (Fig. 3) , which indicated that Defb42 was located in principal cells other than apical cells in the initial segment.
As an intense band of Defb42 in spermatozoa extraction was detected by western blot analysis (Fig. 1D) , IF was further performed on the sperm to identify the precise location of Defb42. Sperm samples were prepared from the initial segment, caput, corpus, or cauda epididymal regions of 3-month-old adult rats, respectively, and incubated with anti-Defb42 antibody and Alex488-PNA. Results showed that Defb42 was exclusively observed on spermatozoa from the initial segment, and the predominant signals were detected on the outer acrosomal membrane (Fig. 4A,B) . As a negative control, sperm incubated with preimmune rabbit serum showed no signal (Fig. 4C) .
Androgen regulation and postnatal expression
To investigate whether the expression of Defb42 was androgenregulated or not, the adult male rats (∼3 months) underwent bilateral castration and were given androgen supplement after 7 days. As shown in Fig. 5A , the abundant expression of Defb42 mRNA decreased significantly in 1 day after castration and thoroughly disappeared within 3 days after the surgery. However, Defb42 mRNA expression was not restored after testosterone injections (Fig. 5A) .
The expressions of Defb42 at both mRNA and protein levels throughout the rats' life-span were found to be developmentally regulated ( Fig. 5B,C) . The expressions were detected at the age of 45 days, reached a peak at Day 60, and maintained at a stable level during puberty age. In the aged rats (≥12-month-old), Defb42 expression was increased remarkably.
Antimicrobial activity of recombinant Defb42 protein
The antimicrobial properties of β-defensins have been well reviewed [9] . To identify whether Defb42 has antimicrobial activity, the recombinant Defb42 protein was expressed by the eukaryotic expression vector pCMV/tag4 and detected in the cells lysate after 48 h transfection (Fig. 6A) . Defb42 exhibited more powerful antimicrobial activity against E. coli than against S. aureus, but showed no activity against C. albicans (Fig. 6B) .
Discussion
In the present study, the rat Defb42 was identified and characterized in the epididymis. Defb42, a rat initial segment-specific protein, binds in the secretive form to the sperms from the epididymal initial segment. In addition, Defb42 might be regulated by luminal testicular factors rather than androgen, and it is also developmentally regulated and abundant in the aged rats. It has antimicrobial activity against E. coli and S. aureus, but not against C. albicans. It has been reported that genes in epididymis possess regionspecific expression patterns, and that the proteins are synthesized and secreted into the corresponding epididymal segments, resulting in specific luminal fluid microenvironment and playing an important role in sperm maturation [1, [28] [29] [30] . Results from western blot analysis demonstrated that Defb42 was only in the initial segment. The expression and distribution of this protein were the same as those of the Defb42 transcripts in rat [1] and mouse [16] . Defb42 was located in the principal cells of segments 1 and 2 among the 19 segments of rat epididymis [1] , and bound to the sperm from the initial segment. However, it was not detected in the lumen of initial segment, which could be due to the fast flow of the lumen streaming in this region [31] . The current results suggested that the protein was synthesized by the principal cells of the initial segment, especially by those of segment 1, and then secreted into the luminal fluid, eventually added to the sperm that transited it into the initial segment.
As previously reported, β-defensins located in different segments perform different functions: middle caput-specific Bin1b initiates sperm motility [12] ; distal caput-specific Defb15 maintains sperm motility [13] ; and corpus-specific DEFB126 covers the whole sperm surface to protect sperm from immune surveillance in the female genital tract [14] . Based on these findings and our results, it is presumed that the region-specific β-defensins could play a critical role in sperm maturation with a relay pattern, and that the initial segment-specific Defb42 may contribute to the preparation of suitable state of sperm into the caput to acquire motility. Further studies are needed on the function of Defb42, which will help to clarify the mechanism of epididymis on sperm maturation.
It was found that Defb42 gene expression almost disappeared 3 days after castration, and could not be restored by testosterone replacement. This suggested that gene expression was dependent on the factors circulating within the testicular fluid. It was reported that significant reductions occurred in lumen diameter and epithelial height following efferent duct ligation (EDL), and such changes were likely the consequences of altered gene expression [32] . The initial segment, the maintenance of its epithelia in particular, was regulated by luminal testicular fluids other than androgen [33] . Numerous genes in the initial segment, including 5α-reductase [34] , CRES [35] , mEP17 [36] , A-raf [37] , and Lcn9 [38] , were regulated by luminal testicular fluids other than androgen. However, the mechanism of the epididymal regulation by testicular factor remains poorly understood. Soluble components of rete testis fluid may regulate gene expression. For instance, basic fibroblast growth factor was a candidate testicular factor that regulates gamma-glutamyl transpeptidase activity in the epididymis via the ras-raf-MAPK second messenger pathway and by members of the Ets transcription family [39] . In addition, a spermatozoa-associated factor could regulate the proenkephalin gene expression [40] .
During the postnatal development, Defb42 expression reached a stable high level during sexual maturation and the developmental pattern was found to be similar to that of Bin1b and Defb15, both of which were proved to be important in sperm motility [11, 13] . This phenomenon suggested that Defb42 could play an important role in epididymis function and sperm fertility. The expression of Defb42 was found to reach maximum in aged rats, and the recombinant Defb42 showed antimicrobial activity, which was consistent with the properties of the other β-defensins [9, 13, 26] , indicating that Defb42 can contribute to the innate immunity in preventing the ascent of micro-organisms up to the testis or/and protecting sperms from bacterial invasion.
In conclusion, our results demonstrated that Defb42 was secreted by the principal cells of the initial segment and bound to the acrosome of sperm. The expression of Defb42 was dependent on luminal testicular factors and developmentally regulated. The recombinant Defb42 had powerful antimicrobial activity against E. coli and S. aureus. Defb42 may play a dual role in fertility and host defense. Further studies are needed to clarify the role of Defb42 in the fertilizing capacity of sperm. A better understanding of the functions and mechanisms regulating the expressions of β-defensin repertoires will help to improve immunity and develop therapeutic strategies against sexually transmitted pathogens.
